NOTICE 


THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 



I\l/^ 

Technical Memorandum 80578 


Observations of Diffuse Galactic 
Gamma Rays 

(NASA-TM-80578) OBSIR VATICNS OF DIFFUSE H80-12985 

GALACTIC GAMMA SAIS (.NASA) 14 p 

HC A02/MF A01 CSCL 03B 

Unci. SIS 

G3/93 41481 


George A. Simpson 


OCTOBER 1979 


National Aeronautics and 
Space Administration 

Goddard Space Flight Center 

Greenbelt, Maryland 20771 



L 


OBSERVATIONS OF DIFFUSE GALACTIC GiVMMA RAYS * 

George A. Simpson 

NASA/Goddard Space Flight Center 
GreenbeXt, Maryland U.S.A, 20771 


ABST MQT 

ObservationH pf 35 MeV to several GeV diffuse gamma radiation from the galaxy are 
available from the SAS~2 and COS-B in.struments . This paper gives a brief review 
of the e,xperlmental problem, a discussion of the high-latitude (local) galactic 
component, and a study of the more distant low-latitude emission from the 
galactic plane* Finally, the emerging observations In other energy ranges are 
mentioned . 


J]l™SPJJCTlIpN 

This paper is a review of the obsoi-vations of galactic diffuse gamma radiation. 
Diffuse Y-ray observations in general are of interest because they bear upon 
three fields of astropliysics: galactic structure, cosmic ray.s, and cosmology. 

The cosmological implications are the subject of another review, so I will be 
concentrating on the connections with galactic structure and cosmic, rays. 


The bulk of the diffuse galactic gamma radiation which we observe is created in 
the collisions of cosmic rays with interstellar matter, l! Galactic structure 
is revealed in that the large-scale picture of the plane in the gamma radiation 
shows features similar to those seen in the distribution of interstellar matter. 
Cosmic-ray gradients and concentrations, localized and broad scale, are becoming 
discernible—linked, of course, to progress in estimate.s of the interstellar 
matter densities. 

Observations of the diffuse galactic emission are not easily made; One 
requires very low background; and in studying the galactic plane high angular 
resolution is needed to distinguish the contribution of point sources from 
truly diffuse emission. Further, the flux of particles is low, that of 

cosmic rays. To date, the main experimental results have been obtained with 
spacecraft in the energy region from 35 MeV to a few GeV. For these reasons, 
this paper will mainly be a discussion of SAS-2 and COS-B data. 


ly Bu t see also Hayakawa, these proceedings. 

^Presented at 22nd Plenary Meeting, COSPAR, Bangalore, India. 
To appear in Advances in Space Exploration. 


EXPERIMENTAL TECHNIQUE 

Ganma rays pass freely through a few gm/cm^ of matter, leaving no track. However 
they may interact catastrophically in the field of a heavy nucleus, converting 
to an electron-positron pair. In fact, this process is the dominant energy-loss 
mechanism at all energies above 50 MeV. (0 The pair retains information on the 
direction and energy of the Incident Y-ray, and also provides a unique spatial 
signature which allows the event to be clearly distinguished from instrumental 
background. This is seen in Fig. 1, which shows the SAS-2l^J and COS-bL^J 
Instruments. 


Tlie detectors consist of a series of thin plates of high Z material in which 
Y-rays have a high probability of converting to an electron positron pair. Inter 
leaving the plates are x-y digital spark modules, which record the position of 
the ion. .’.ed gas left along the tracks of the electron and the positron. The 
energy f>f .the particles, and thus the Y~i^ay energy, can be inferred from the 
rate at which they scatter in traversing the plates (SAS-2) or by stopping them 
in a thick scintillator (COS-B) . The direction of the y-ray is the mean of the 
Initial directions of the pair. 
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Fig. 1: Gamma-Ray Instruments (50 MeV to several GeV) 


The detector triggers when a downward moving particle is noted below the spark 
chambers and no signal is s«en in the anticoincidence dome. 

The present generation of detectors achieves angular resolution of a few degrees 
for each photon (decreasing with energy). The accuracy in locating individual 
localized y-ray emission features is limited by the number of photons detectable 
in reasonable exposure times to values of several tenths of a degree. 

The OSO-3 experiment t ® ^ was the first to detect the galactic plane, but at 
this point in time the SAS-2 and COS-B data constitute nearly our entire infor- 
mation base on gamma-ray emission from the galaxy. These two data sets have 
complementary aspects: COS-B, having a wider energy range and greater exposure 

time than SAS-2, but also a significant instrumental background, has studied 
localized emission features in the galactic plane with great success. SAS-2, 
having negligible background and broader coverage of the celestial sphere, 
provides the best data for study of the diffuse emission at high latitudes.!!®] 



GALACTIC G/vMMA llAY PRODUCTION 


The proeessoftf that contrlbutt* to tho diffuse galactic emission at these 
energies are three, iUustraiid in Fig. 1) Collisions of GeV cosmic 
ray nucleons with interstellar matter producing i* mesons, which decay to y-ray 
photons; 2) Electron bremsstrahlung; radiative interactions of electrons in 
the nuclear coulomb field; and 3) t:ompton interactions; Coulomb collisions of 
electrons ^>-viO ficV with ambient photons - principally 3“ background radiation 


galactic Infrared radiation, and 
starlight. 



The a” and bremsstrahlung processes 
dominate at all energies. The key 
feature of these, two mechanisms 
win eh has been exploiced in obser- 
ving the diffuse emission is their 
proportionality to the density of 
the interstellar medium. Tiie local 
iutersLt'llac medium is believed to 
consist predominantly of neutral 
hydrogen, molecular hydrogen being 
Che next most abundant component, 

If the y-ray emission which we see 
is diffuse in origin, then it 
ought to show a strong correlation 
with Llie neutral hydrogen observa- 
I'ionst * ® ‘ ‘ ] under the assumption 
that the cosmic rays are uniformly 
d istributed . 


Fig. 2; Local Integral y-ray emisslvity for 
= 1 atom/cm^ from Worrall (1977) 
and Stecker (1970) 


HIGH LATITUD E OBSERVATIONS 

First let us consider a region of the 
assumption is true: the riH]ii..n withli 

no information at all on the distance 
we can use the well-measured pro- 
perties of the matter distribution. 
The scale height of neutral hydrogen 
Is 130 pr locally. Tlierefore, if we 
confine our observations to galactic 
latitudes more than 12° from the 
plane, the diffuse matter, and thus 
the majority of the predicted diffuse, 
emission, will have been generated 
within 500 pc of the sun. 500 pc. 
is 3% of the galactic radius, and 
the order of the width of a spiral 
arm. 


galaxy vdiere we can b(. confident tliat that 
500 pc of the sun, Of course, we have 
at which individual y-rays originated, but 



Fig. 3: Geometry of liigh-latitudc 

y-ray observations. 
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Our dataset Is rather sparse; even with the 28-week exposure of SAS-2, only 
about 4000 photons were observed from latitudes outside 12”. This means that 
we can consider only broad-ocale features of the hlgh-latltude y-ray distribution. 

We may consider the correlation of . the high-latitude y-ray intensity with the 
tUHJtral hydrrgen column density' x^ifb, the objectives of determining (1) if 
there exists a component of the ganmia-ray intensity which is not correlated 
with the matter disk (i.e. an extragalactlc or balo component) and (2) if the 
observed y-ray intensity is consistent with observed and inferred properties 
of the cosmic rays. 

The y-ray Intensity for high latitudes is show plotted as a function of the 
21 cm column density in Fig. 4. Here we have selected y-rays >100 MeV, and we 
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Fig. 4: The correlation between 

y-ray intensity and 
column density of neutral ^ 2 ) 
hydrogen at high latitudes ^ 


have divided the galaxy into broad 
regions of longitude (typically 60”) 
and latitude CIO”) , averaging and 
smoothing the 21 cm observations to 
match the lower resolution of the 
y-ray data. We see from the figure 
that the y-ray intensity in every 
region is consistent with a single 
linear correlation of the form 

ly ‘ A • %i + “ 

This relationship also holds In tSie 
35-100 MeV range, with different 
coefficients reflecting the different 
spectra of the two components. The 
slope *A' gives directly the y-ray 
photon production rate per atom of 
neutral hydrogen, while the intercept 
'B* gives the intensity of a component 
which is uncorrelated with the matter, 
possibly originating in the galactic 
halo or outside our galaxy. Assuming 
power-law spectra, the galactic 'A' 
component has a spectral index 
1.5 + 0.03 and intensity above 35 MeV 
of (S’. 2 + 1.5) 10 “ Nhi, while for 
the ’B’ component these figures are 
2.7 and 5.7 10“^ photons cm“^s“^ 
sr“l. ’ For >100 MeV y’s the two 
components are equal at galactic 
latitudes near 30” , varying somewhat 
with longitude. 


We can calculate the expected disk component using measurements of the cosmic 
rriy proton and electron spectra and the interstellar matter density. The local 
interstellar densities of both HI and H, liavR been sampled by UV absorption 
measurements from the Copernicus satellxtet ^ ^3 ; the nominal value is 1.15 atoms/ 
cm^ of hydrogen in all forms. Proton spectra at the Earth have been well 
measured for some time and the correction for solar modulation at the energies of 
interest (>2 GeV) is negligible. Interstellar electron spectra, which we require 
to compute the bremsstrahlung and Compton components, are rather uncertain. 

However, the spectrum of Cummings^ , or Daugherty et al.f'®3 ^ 

starting point. One important result of this calculatioiJ ^^3 is that a higher 
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•antrlbt.tion from oleetronss, at Umsi, 50?^ more than Cummings (1973) is required 
fo aecoune for the apc-etr,il inues. Some Imlopendent evidence for a higtior 
wlectron intensity In the ei.”rgy i"mge around 1 GeV has been given by recent 
r4i?asure,H!ntsi of .ho .')“S0 r*.Ua spectrum of synchrotron emission in the north and 
south* galactic ole dit'ections. When these new data are used with measurements 
• the high energy electron spacttum at Karth to rederive the interstellar elee- 
tr.v' spectrum,* a much latter agreement with the requirements of the high- 

latltade gamma-ray observations is found. Ihe best currently available 
estimates of the galactic j-my production rates are sbotvn in Table 1. 


lABLE 1 Source functions In The Solar Vicinity 


SOURCE MECHANISM 

VALUE OF SOURCE FUNCTION (CM’^ S“'| 

IO<E(MeV)<30 

E(MeV)>l00 

COSMIC RAY NUCLEON 
MATTER INTERACTIONS 

(0.7-U)it lO'^® 

(14-22) X 10“’^® 

ELECTRON BREMSSTRAHLUNG 

(l3-39)xl0'’'® 

(4 -12) X 10*^® 

COMPTON SCATTERl'^G 
(STARLIGHT AND INFRARED) 

(L2-3.6)xl0’^® 

(0.4-l.2)xl0‘^® 

COMPTON SCATTERING (3*K) 

(1-3) X 10"^® 

(0.2-0.6)xl0“^® 

SYNCHROTRON RADIATION 

(0.7-2) xl0’’° 

(0.3-0.4)xl0'’° 

POINT SOURCES 

7 
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The residual component of the liigh latitude gamma radiation is more difficult 
to Interpret. However, we can immediately place some constraints on halo models 
for its origin Isy looking for .mlsotropies. Subtracting the disk component from 
the total emission in each direction, and comparing the remaining intensity from 
directions which pass ever the galactic cc.nter to that from the anticenter direc- 
tions (with 20°< jb| < 60") one finds a ratio of 1.10 + 0.18. 

If there existed an extended uniform cosmic ray halo of cylindrical geometry 
such as has been suggestcd[ , the ratio of Compton black-body V-rays would be 
about 5. A uniform spherical halo of galactic dimensions gives 2.8. Models have 
been produced which Include electron energy loss and diffusion , and give the 
predicted ratio as a function of energy and electron diffusion coefficient, 
assuming free escape into the halo, The values are around 3 to 

If wa allow t]ie halo component to be 'diluted' by an isotropic component of. 
extragalactic origin, then these figures imply that the halo must contribute less 
than 20% of the 'B' component (2o upper limit). 

LOW-LATITUDE y-RAY EMISSION 

The y-ray map of SAS-2f^“^, which includes some 14,000 photons, and that of 
(64,000 photons) are shown in Figs. 5 and 6. The most prominent 
features in each of these maps are the galactic plane, and the bright localized 
emission regions which have been discussed in earlier papers. 




galactic longitude 


r-rays 











The galactic plane is far more intense in directions toward the center than 
away from the center, which is to be OKpaeted since even y-reys from the far 
side of the galaxy have only a small chance of being absorbed in their travel 
to our instruments. Toward the center, we arc seeing emission which was 
produced, on the average, at the galactic center, 10 Kpc away. Thus in the 
galactic center latitude profile we would expect a TOIM of about 1.5“, less 
than our detector resolution. 

The observed latitude distributions (Figure 6) towards the center show a narrow 
component corresponding to these distant regions of the disk, with a broader 
asynmictrie component enhanced In the region 6° < |b| < 20° • The complementary 
asymmetry which can bo seen at negative latitudes in the anticenter direction 
(when the Crab and V195 + 5 are subtracted) suggests that both these broad 
features are emission from the Gould’s belt local cloud cluster. Another 
feature which can be seen is a small overall dp of Che galactic plane 
relative to b » 0° in the latitude profile near 2, *• 230°: the "hat-brim effect," 
This effect has also been seen in HI as well as in the distribution of localized 
y sources. 2/ 

The longitude profiles from the two experiments, as shown in Figure 7, are very 
similar. Here the COS-B data, shown as open circles, is superimposed on that 
of SAS-2, and we have chosen the scales seen on the right and left axes to match 
at the galactic center. There are no statistically significant disagreements 
at present, although we are anxious to see the COS-B data given in absolute flux 
units . 
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Fig. 7; SAS-2 and COS-B y-ray intensity along the 
galactic plane. [22], [21] 


_2/ See Wills et.al., this volume. 


Various Interpretations of the longitude profile have been suggested. One 
feature on which all agree is that the contrast between the intensity from 
directions toward and away from the center is stronger than the contrast 
which one finds in the matter distribution. This observation has been 
variously explained as a correlation of cosmic ray density with spiral 
arrasjt*’ J the 4 kpc ring,t^^J or pulsars and supernova remnants. t*"* 3 
Tlie data do not distinguish decisively among these and other similar pos- 
sibilities. 

The presence of a peak at the galactic center is an example of the type 
of observational feature which we may regard as possible, but in need of 
better observations. 

It is quite interesting to extend the analysis of the y-ray matter correla- 
tion to distant regions of the plane, as sho\m in Figure S. As I shox«ni 
for the high latitude aiivLssion, the 21 cm column density is used as Hie 
abscissa, and the line shown is that which fits the high-laiitude dai.£i, 
Quite prominent in this figure are the uxceso of y-ray intensity reword 
the center of the galaxy, and the deficit in regions away from the center. 
Tliese deviations only appear in the points at the highest column densities, 
which are right in the pi- no, and therefore, most distant, A contribution 
to the enhancement toward the center is undoubtedly duo to hydrogen In 
molecular form, which is known to be more concesttrated toward the galactic 
center than neutral hydrogen. But quantitatively it seems most probable 
that cosmic ray Intensity must also Increase toward the. galactic center and 
decrease at radii beyond the sun, Thl.s radial gradient of cosmic rays has 
been used to argue that the cosmic-ray trapping region cannot extend far 
above the disk of the galaxy. If It did, the strong concentrations 
would disappear because of the lack of confining magnetic structure above 
the plane. 



Fig. 8: Tlie correlation between diffuse y-ray 

and intensity and neutral hydrogen 
column density, at all galactic latitudes. (T2) 
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^0 of tho most interosciuj'i questions currently being asked is "Gan the longi- 
tude distributioa be explained as predominantly diffuse emission, or is most 
of it made up of unresolved point oources?" The answer to this question must 
await instruments of better angular resolution, but several pieces of evidence 
that bear on it are worth discussing. 

The argument for unresolved point sources is based on the observation 
by COS-B of a large number (30 at present) of localized omission features 
wbicb are believed to represent a partial sample of the discrete source omission 
within 5 kpc of the sun. The portion of the diffuse emission which can be 
made up depends strongly on assumptions regarding the distribution and lumino- 
sity of the sources, estimates ranging beyond 40%, 

A difficulty with this debate is the lack of a precise distinction between the 
definitions of point source and diffuse emission. I have characterized diffuse 
emission as due to cosmic-ray matter and photon Interactions, Between this 
extreme and Y-ray pulsars, which certainly are point sources, one probably 
has a whole spectrum of objects such as molecular clouds and cosmic-ray Fermi 
acceleration sites, which can appear as point-like to current y-ray instruments, 
but are spatially extended and involve the diffuse processes. 

The arguments in the data for the predominance of diffuse emission are as 
follows: 

(1) At high latitudes, where the point source contribution is negligible, the 
diffuse y-ray production rate is similar to that required to oroduce the 
majority of the intensity seen from the rest of the plane. 

(2) The spectrum of the y radiation from the plane has been extensively 
measured and is shown in Fig. 9. Its shape is the same in all 
regions of the plane, and like the high-latitude spectrum, it requires 

a larger electron contribution. I have also shown the high-latitude 
diffuse galactic spectrum^^^^ and its associated uncertainty to make 
graphic the fact that these agree within errors. This is circumstantial 
evidence for predominantly diffuse origin. By contrast, of the four 
strongest point sources, two have spectra different than the plane, while 
the other two are similar. 

(3) If one tries to model the longitude distribution using the matter distribu- 
tion and a constant cosmic-ray density, the attempt is unsuccessful. But 
by invoking proportionality between cosmic rays and matter on the scale 

of spiral arras, I the distribution is fitted rather well. Similarly, 
the assumption that cosmic-ray sources are distributed like supernova 
remnants and molecular hydrogen fits the longitude data. 

OBSERVATIONS IN OTHER ENERGY RANGES 

« 

Before concluding, it is important ,tp mention progress .being made in other 
regions of the gamma-ray spectrum. The problems of background removal and 
limited angular resolution are exacerbated below 35 MeV and above several 
GeV; but oven so, significant progress is being made. At the present the 
observations in the range from .5 MeV to 20 MeV have resolved the plane 
and its spectrum, observed the brighter galactic and extraga- 
lactic point sourcesl®‘'J and indicated the spectrum at high latitudes. [ 
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Fig. 9.' Galactic y-ray energy spectrum 

Tlie techniques include solid-state and crystal spectrometers ^3 (.06-5 MeV) , 
double Compton scattering (1-20 MeV), and pushing the pair-production 

technique to lower energies, t ^ * 3 At much higher energies (10^^ to 10^^ eV) 
atimospheric Cerenkov y-ray observations have set upper limits on the intensity 
from some point sources. t 3 However, iC appears that some new technique 
will Tse needed to make observations of the diffuse component at these very high 
energies. 


CONCLUSION 


To sumraarlBe, observations c£ diffuse y-ray emission from the galaxy have told 
us that <1) there are more cosmic-ray electrons in the range .1-1 GeV than we 
used to think; (2) the galactic halo can contribute at Dwst 20% of the emission 
which is not connected with the galactic matter disk; and (3) there appears to 
be a radial gradient of cosmic rays In the galaxy. 

Prospects for progress in observations of diffuse y^rays are excellent, 
especially as the possiblity of a major y-roy observatory in orbit approaches. 
Particularly exciting for diffuse galactic astronomy is the prospect of 
measuring the interstellar electron spectrum at low energies through its brems- 
strablung emission. Tills observation may impose new constraints on theories of 
electron acceleration and solar modulation. 
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